The maturity of sophisticated numerical tools for predicting damage in composite materials has become a priority research area in aero-and underwater structures. This paper proposes a modeling approach to endeavor achieving high fidelity of mechanical behavior of composite materials subjected to high pressure applications. The strategy begins with numerical methods to design an alternative material for high pressure applications and to build a ladder with experimental observations when these composites are deployed for 600 bar pressure which take into account the relevant deformation, effective estimation of mechanical properties and failure mechanisms at different length scales. Coupon-shaped specimens with different hardener-epoxy ratios were manufactured to investigate the uniaxial tensile performance and the morphological studies were carried out in order to have a picture regarding the delamination and debonding behavior of the aforementioned composites. The further scope of this work involves a review of some notable micromechanic models and to establish the state-of-art together with insights for future development. Analytical models based on the mechanics of materials (MOM) approach and Mori-Tanaka (M-T) methods are shown to estimate the elastic response of composite materials. An attempt has been made to validate these finite-element predictions with experimental observations in order to secure the capability of a numerical framework. The outcome of our study also assures that these composites can be used in advanced structural applications under different conditions.
Introduction
Owing to their significant mechanical and physical properties, carbon fiber reinforced polymer matrix composites have emerged as one of the most promising materials to tailor the effective elastic properties in high pressure applications [1] , [2] , [3] . Due to these outstanding properties, it is believed that an increase in weight percentage of fiber can considerably improve the thermomechanical and thermoelastic response of composites [4] . A significant number of experiments and numerical studies have been conducted to study the effective elastic properties of carbon fiber reinforced polymer composites.
Good progress has been made in the micromechanics of composite materials over the last three decades. This has been partly motivated by the need to reduce the high development costs currently incurred in the advancement of new generation military transport aircraft and underwater vehicles which make extensive use of carbon-fiber materials in their primary structure. One way to achieve this is to replace experimental testing with simulation. Micromechanics of composites come into the picture for the effective estimation of properties of constituents; some of which are thermoelastic coefficients and thermal conductivities. The finite-element method has been widely adopted for the modeling of in-plane damage and delamination, achieved using continuum damage mechanics and fracture mechanics [5] , [6] .
Over the last two decades there have been innumerous micromechanical models developed to predict the macroscopic behavior of polymer composite materials typically reinforced with carbon or glass fibers [7] . The basic assumption behind entire fraternity of micromechanical models is: the matrix, fibers and the interface are assumed to be continuous materials and constitutive equations are derived based on continuum mechanics. It can be noted that, though a great panorama of research has been discussed, the production of these unidirectional composites is still a challenging task. The earliest work in the context of micromechanics was started by Voigt [8] and Reuss [9] and was highly appreciated. It was concluded by Voigt that, the state of strains is constant in the constituents under the application of a load. On the contrary, Reuss proposed, stresses are constant in the constituents. Interestingly, the theories of Voigt and Reuss were effectively used by Hill [10] to derive upper and lower bounds of elastic properties of composites. Motivated by Hill's work, Hashin and Shtrikman [11] devoted their entire efforts to the effective estimation of upper and lower bounds for elastic properties of quasi-isotropic and quasi-homogeneous materials with a special focus on the variational approach.
In metals, the stage of gradual and invisible deterioration is nearly about their complete span of their operational life. There is no significant reduction in overall stiffness during the entire fatigue process. On the other hand, the deterioration in composites due to fatigue is observed by the formation of multitudes of microcracks and debonding [12] . It was quickly acknowledged from the very first experiment on advanced composite structures that fatigue failure mechanisms for these materials are more complicated than for a metal counterpart [13] . Further, it was reported that most of the failure process in deformation can be attributed to void nucleation in fiber-reinforced plastic composites and shear band formation in metallic glasses [14] . This was strongly supported by the simulation of failure based on the micromechanics approach. Tenchev and Falzon [6] have reported on recent trends in FEM modeling of delamination having special emphasis on the development of cohesive interfacial elements. Over time numerous mesh free methods for fracture and crack growth have been developed and it was found that cohesive zone modeling is one of the most widely used techniques for modeling crack and delamination propagation [15] .
The damage mechanism due to impact loading can be shown in four different categories: delamination, matrix cracking, fiber breakage and total perforation. It is very important to understand the unknown fact, such as, failure criteria, debonding and interfacial delamination about degradation of the initial properties, the establishment of criteria for local failure in individual lamina and various failure models. The aforementioned complexities are beyond anyone's control from the quantitative frame of reference and thus need to be shown in the form constitutive equations [16] . The work carried out by Hashin and Rotem [17] and Awerbuch and Hahn [18] addressed a lot of fatigue-test data interpreted by using empirical relations for glass-epoxy and carbonepoxy materials. As a counterpart, analytical models proposed for unidirectional composites under fatigue rationalized the cycle-fatigue failure in laminates [19] .
On a solemn note, the evaluation of macroscopic elastic properties of two phase composites was addressed by Hill [20] , who stated that there exists a simple universal relation between overall elastic moduli of composites when subjected to transversely isotropic phases and have no such concurrence with volume fraction. The thermoelastic properties of unidirectional (UD) fiber reinforced composites were well estimated using the mechanics of materials (MOM) approach as opposed to the discrete element and semi-empirical methods [21] . On the other hand, the Mori-Tanaka (M-T) method proved successful for the effective estimation of elastic properties under the transverse isotropic mode. A further method of cells approach can be viewed as an alternative for the assessment of the thermoelastic properties [22] . Apart from the abovementioned models, there are innumerous micromechanical models that have been developed for the evaluation of overall properties of composite materials: these typically include the two-and three-phase MOM approach [23] , [24] , [25] , the multiphase M-T method [26] and shear lag and pull out models [27] . Self-consistent mechanics of composites for isotropic dispersion was proposed by Hill [28] and drew a solution for auxiliary elastic problems having uniformly loaded infinite mass containing ellipsoidal inhomogeneity.
Various studies have reported the use of composite technology in aircraft and by the 1950s fiber reinforced polymer composites were being explored in the field of marine structures [29] , [30] . Among them glass reinforced polymer laminates have been used for many years in the fabrication of a wide variety of subsea structures. The most simplified and versatile beauty of using E glass fiber for underwater applications is its nonconductive nature and such that it could be used as an insulator to prevent and monitor marine corrosion, but under certain conditions of exposure, glass fiber may be attacked by moisture as it is sensitive to alkaline environments [31] , [32] . The underwater environment is complex as it involves combinations of many perturbations such as wave currents, temperature and hydrostatic pressure. According to past studies most of the failure in subsea structures takes place due large amounts of hydrostatic pressure. Hydrostatic pressure P in MPa is directly proportional to the depth H in meters and could be proposed by following empirical equation [33] = 0.0101 + (0.05 * 10 −6 ) 2 .
Several studies had shown that the composites lose their tensile stiffness and strength progressively with water absorption and that the loss is proportional to apparent weight gain [34] . Chow et al. [35] investigated a fiber reinforced polypropylene composite specimen with hot water immersion at 90°C. Finally, it revealed that loss in tensile modulus and strength was more for longer immersion time.
Using this framework, FRP composites with various volume fractions of epoxy and fiber were manufactured using the hand layup process and were subsequently investigated for mechanical characteristics and strengthening effectiveness. They were produced as coupon-shaped specimens for uniaxial tensile response. It is of great interest to understand the behavioral mechanism of stiffness degradation in order to avoid redundancy and overdesign, therefore, a micromechanical model that accounts for the progressive damage is also proposed in the current endeavor.
Computational investigations reported by various studies concluded that all the aforementioned methods vary from established micromechanics techniques to prolonged intricate cases. The purpose of our study was to propose the multiplicity of micromechanical models with a special focus on elastic response of composites. Further study provides short and snappy briefs out of quick and insightful predictions of mechanical behavior under external pressure. The micromechanical field equations are presented owing to an ad hoc Eshelby tensor. To promote our understandings of composite materials for further high pressure applications, it is useful to develop the models for the effective estimations of properties of such materials.
Bottom-up multiscale modeling strategy for composites
There is a growing need in the engineering community to predict the mechanical behavior of composites using refined simulations. The standard strategy to tackle this problem starts from a numerical analysis using the finite-element method. This initial evaluation identifies hot spots in which damage is likely to occur and then these regions are further tailored for refined analysis. Non-linear constitutive and damage models along with phenomenological models are taken into account for predicting material behavior. The simplified beauty of these models is they have certain parameters whose values are reproducible and as a result there is a huge cost saving on experiments and testing.
Apart from the previously mentioned strategy, a new hierarchical approach has being under consideration to carry out virtual tests of composite materials. The current hypothesis for this said method is based on composite laminates which are obtained by stacking individual plies with various fiber orientations. The three different entities viz. laminate, ply and component whose mechanical behavior is rendered by length scales; fiber diameter, thickness of ply and laminate. It was reported by Llorca et al. [14] that fiber diameter varies from 5 to 10 μm while ply thickness plays a vital role as it ranges typically from 100 to 300 μm followed by standard laminate which has thickness of few mm. This premise gives rise to the separation of length scale models confirming properties of one smaller entity alone (say ply) and thus by securing it to a relevant length scale for subsequent computation of properties of a larger entity (e.g. laminate). Thus, it can be concurred that multiscale modeling is governed by the transfer of information between different length scales instead of coupling different simulation techniques.
In composites, the interaction between the fiber and the matrix is at the microscopic level, but the mechanical responses are governed at the macroscopic level. Molecular dynamic simulations are the effective tool to study nanoscale phenomenon while the behavior at the macroscopic level could be conveniently studied with continuum mechanics. It is very important that macroscopic responses of fiber reinforced composites can be simulated using continuum mechanics. The representative volume element (RVE) or representative area element (RAE) have random distribution of reinforced carbon fibers that can be attributed to Eshelby's equivalent tensor.
The simplicity of Eshelby's tensor lies in the prediction of full multi-axial properties and responses of heterogeneous materials, which are often difficult to measure experimentally. In previous studies, effective mechanical properties of composites were evaluated using Eshelby's approach [36] , [37] , [38] , [39] , [40] , [41] , [42] . In the context of CNT reinforced composites, work carried out by Barai and Weng [43] is highly recognized and focuses on a two-scale micromechanics model to investigate the influence of CNT agglomeration upon the elastoplastic behavior of composites.
Experimental

Materials and specimens
The composite used in this study was a unidirectional randomly oriented E-glass roving fiber in an epoxy resin matrix. The elastic properties of epoxy resin are E m = 1.5 GPa, μ m = 0.3 and that of E-glass fiber are E g = 73 GPa, μ g = 0.2. The resin used for specimen preparation was an epoxy RENLAM LY 554 and its corresponding hardener was ARADUR HY 951. Curing of the laminate was performed under vacuum assisted by external pressure of 5 bar. The curing cycle was carried out in two stages; the first stage involves heating up to 100°C followed by 30 min of dwell time and this was succeeded by heating up to 180°C and dwell time of 60 min.
Owing to the marginal reduction in production cost and time in the manufacturing process the hand layup technique was used for fabricating the composite specimens. Laminates were left to cure under standard atmospheric conditions. Three different variations were made. In each case the thickness of composite was increased by one layer of mat approximately 0.85 mm thick.
Tensile test and pressure test
For the effective estimation of mechanical properties, a series of tensile tests were conducted as per ASTM D638 course of action. A quasi-static load tension load was applied using a universal tensile testing machine (Zwick Inc., Kennesaw, USA). Tensile test coupons were cut from carbon fiber laminate ( Figure 1) . Details of the test methodology and relevant information can be extracted from ASTM D638 [44] . Tests were performed under the displacement-controlled mode of 3 mm/min. Further study was carried out by pressurizing samples at 600 bar. This pressurization of the specimen was carried out artificially in a large cylindrical chamber which had water and an anticorrosive fluid as a medium. The sole aim of this test was to show clear cut evidence of a behavioral change in the tensile strength of these composites and the extent of water absorption.
Characterization studies
Characterization and morphological studies of fabricated composites with both pressurized and unpressurized specimens were performed using scanning electron microscopy (SEM) to study the fractured surfaces of the tensile test specimen. A Hitachi S-3400 N Scanning Electron Microscope was used to carry out the morphological studies and specimens were sputter coated in order to make them non-conductive.
FE and progressive damage analysis
An FE model of a coupon-shaped specimen was created and implemented using the ANSYS package version 18.2 for the effective evaluation of damage parameters by comparing experimental and predicted uniaxial tensile response. Furthermore, the same model was implemented for the mechanical response of the composite. The following constituent properties were adopted: for the polymer matrix E m = 1.3 GPa, μ m = 0.3 and for that of E-glass fiber E f = 102 GPa, μ f = 0.2. A series of numerical tests were carried out with different combinations of lay ups and various damage models. Further constitutive equations were implemented. A coupon-shaped specimen was modeled ( Figure 2 ) and the necessary boundary conditions (one end to be fixed while other to be arrested in the x direction) were applied. Table 1 . reveals the date required for finite-element analysis. A shell 63 element with a plane strain condition was deployed for the analysis. Local mesh (L-mesh) refinement was done by concentrating on edges and whole area was refined up to two maximums till the rate of convergence was obtained. In addition to the tensile test simulation through ANSYS parametric language, progressive damage analysis was carried using the ACP (Pre) and ACP (Post) tools. Figure 3 reveals in the model for progressive damage analysis using ACP (Pre) tool. The progressive damage plots reveal the progressive damage results. Detailed information about the model is given in Table 2 . 3 Results and discussion
Gel time study
Gel time was carried out by heating the epoxy and observing when it started to become stringy or more viscous though not being fully cured. In this present framework, three resin-hardener ratios 100:8 (Sample 1), 100:10 (Sample 2) and 100:12 (Sample 3) were chosen in order to facilitate faster curing times and the maximum temperature range. Both the compounds were measured by volume and poured into the mold and stirred until even dispersion was observed ( Figure 4 ). It was observed that there was a shift in time-temperature distribution curve as a quantity of hardener was increased. So it could be inferred from the gel-time studies mentioned that the time required to settle at the peak temperature showed a marginal decrease. Furthermore, it was also found there was increase in peek temperature as the mixing ratio goes on increasing. The slope of the graph observed with mixing ratio 100:12 was steeper as compared to other two. Increased quantity of hardener is anticipated to have a decrease in settling time and an increase in peak temperature. It is noteworthy that there was decrease in strength as the quantity of hardener was increased in sample 3 and this can be attributed to further discussions made on tensile test behavior of these composite in the tension test.
Tensile test
The tensile test of both pressurized and unpressurized specimens was carried out in accordance with ASTM D638's course of action ( Figure 5 ). All three samples were deployed for 600 bar hydrostatic pressure in a hyperbaric chamber followed by the tensile test. It is noteworthy to mention that unpressurized sample 3 had a mixing ratio of 100:12 and failed at the lower load and this may have been due to the increased hardness which makes the resin brittle, while sample 2 had mixing ratio of 100:10 and failed at a higher breaking load and was anticipated to offer a resilience which it showed ( Figure 6 ). Pressurized specimens up to 600 bar were deployed for the tensile test in order to evaluate the behavioral change of the composites. It is worth mentioning here, in the current framework the tensile strength of these materials was increased as a function of hydrostatic pressure and higher breaking loads were observed during the tensile testing ( Figure 7 ). This proposed hypothesis conforms well with the previous work carried out by Davis et al. [33] and Davies and Rajpakshe [66] . The tensile test data for both pressurized and unpressurized samples is summarized in Table 3 . However, this current postulate is not adequate to differentiate between the behavioral change in composite materials and SEM studies may be useful in this regard therefore, in the current framework the next stage would be characterization studies in conjunction with tensile testing. 
Characterization studies
In order to quantify the internal damage, samples with varying degrees of damage were analyzed using SEM. It is evident from the Figure 8A that there was a greater extent of fiber pull out and delamination observed in the unpressurized sample. This was probably due to improper interaction between the fiber and the resin which may give birth to internal debonding in ambient conditions. However, the present study is centered only towards understanding the morphological behavior of these composites at higher pressure in order to certify them for marine applications. It can be chance that external pressure may help the matrix to hold the fiber firmly at 600 bar pressure which in turn reduces the degree of delamination to some extent ( Figure 8B ). There was less degrees of fiber pull out which may lead to increase in mechanical properties of the material which is in agreement with tensile test results.
However, in the current study it was observed that hydrostatic pressure was proven to be beneficial for aforementioned composite materials and it was anticipated to have an adequate degree of compactness. It can be also inferred from the study here that mechanical properties no longer remain constant, instead they showed a great variation as a function of hydrostatic pressure. Currently the authors are working on the extent of water absorption to envisage the effect of apparent weight gain in for the pressurized FRP composite materials in order to qualify them for subsea application. Hence, the evaluation of mechanical properties after water absorption is indeed a requirement.
Computational micromechanics
Here, an attempt has been made to form constitutive equations considering various models. Initially it is assumed that reinforcement of fiber is grimed over lamina (a composite assumed to be one single component having orthotropic properties) and the fiber-matrix combination is assumed to be a single material. Hook's law in tensorial form can be presented as, 
where, E 1 , E 2 and E 3 are elastic modulus along the 1-3 direction and G 12 , G 32 and G 13 are shear modulus, also ɛ 11 , ɛ 22 and ɛ 33 are normal strains and ɛ 12 , ɛ 13 and ɛ 23 in the plane and transverse shear strains, respectively. It is worth mentioning here that the elastic constants in equation 1 are not all independent. This is the case when the symmetric matrix comes into the picture. When composites are deployed for heating the load, deformation takes place, then the thermal stress-strain relation can be given by equation 2. 
where, ΔT is the temperature change across the material and α 1 , α 2 and α 3 are the coefficients of thermal expansion. The sole aim of this micromechanics-based model is to predict overall average properties of the composites. So, in generalized notation equation 1 can be written as,
The prediction of elastic properties such as elastic modulus, shear modulus and Poisson's ratio are of great importance in any scientific MOM approach. It was found from the past literature that experimental results are not in line with the results obtained by the strength of the materials approach. Therefore, use of numerical techniques such as the finite-element method, the discrete-element method, the theory of elasticity and the variational approach are anticipated to offer only an approximate but optimal solution to these problems. It has been noticed that, the micromechanics approach is used to evaluate the elastic moduli or stiffness or compliance of the composite materials which is ultimately a function of the tensile modulus of fiber and matrix, Poisson's ratio and the volume fraction,
The Halpin-Tsai [45] equation for the estimation of tensile modulus of a composite in the axial direction (E 1 ) uses the generalized law of volume fraction and can be given by equation (5),
where, E f and E m are the tensile modulus of fiber and matrix, respectively, and V f and V m are the volume fraction of fiber and matrix, respectively. The apparent tensile modulus (E 2 ) in transverse direction can be given by,
The in-plane shear modulus (G 12 ) can be determined by the MOM approach by presuming the shear stress developed in the fiber and the matrix are the same (but the shear deformations cannot be same).
In the elastic regime, the homogenization theory is well-established, efficient and accurate, and anticipated to compute overall composite behavior. It can offer analytical solutions for the constitutive equations which are revealed in structural analysis codes for the mechanical response. Nevertheless, the situation involving strain localization and fracture is tiresome and the accuracy of the results is not always failsafe [46] . So, these aforementioned limitations could be overcome with the development of computational micromechanics. In addition, computational micromechanics are anticipated to offer significant advantages like complex nonlinear behavior (geometrical and material) for multiaxial stress states, which are often very difficult to prove experimentally. A nucleation and growth of damage during simulation can be easily traced with the help of computational micromechanics. Owing to its history, it was first implemented to explore the effects of spatial distribution, shape deformation and the effect of volume fraction of composites [47] .
In this current endeavor, damage is assumed to develop by the formation of a homogeneous distribution of microcracks and is regarded as damage variable 'd'. The constitutive behavior can be given as
where E is the elastic modulus and initially the response of material is elastic up to a strain (d = 0) where damage starts to grow until complete damage would occur (d = 1). This basis of the framework has been extended by different authors to evaluate the mechanical response of composites having a special focus on interplay of the failure mechanism [48] , [49] , [50] , [51] , [52] , [53] , [54] , [55] , [56] , [57] , [58] . The relationship between stress and strain can be given by a compliance tensor, 
It is worth mentioning in this work that failure of the unidirectional fiber composites due to a specified state of stress is given by the Tsai [59] equation which was later modified by Hill [60] can be given from equation 12,
On a serious note, one can also neglect the effect of shear stresses and if only squares terms of normal stresses comes into the picture then this criteria holds good for isotropic tension of fiber composites. The overall progressive damage in fiber and matrix status can be displayed indicating no damage (d = 0), some damage (0.10-0.66) and complete damage (d = 1) (Figure 9A-C) . Eventually, the damage variable gives an indication of stiffness reduction for the fiber and the matrix in tension and compression ( Figure 9D ). Figure  9F depicts in maximum failure criteria for the fiber-matrix interface. It can be inferred from Figure 9F -H that most of the damage was observed at fiber-matrix interface where the maximum displacement was applied. The total deformation observed in this process was 3 mm. Furthermore, the damage variable scale goes from 0 (no damage, 0% stiffness reduction) to maximum stiffness reduction specified (0.75) (complete damage, 100% stiffness reduction). To evaluate the effective elastic properties of composite materials made of transversely isotropic constituents, one can use the MOM approach generalized by rule of mixture imposing iso-field conditions [61] , [62] , [63] . The simplified versatility of iso-field conditions is; normal strains in the fiber and the matrix are equal along the fiber direction and transverse stresses in the same phase are equal along perpendicular direction to the fiber length. In conclusion, perfect bonding between the fiber and the matrix should be satisfied by iso-field conditions in addition to law of volume fraction. The interfacial bonding between the fiber and the matrix can be expresses as, From the above equations 13 and 14, stress and strain vectors can be expressed as,
Here, 
Furthermore, the relation between stress and strain in fiber and matrix phases can be given by,
where, It was observed that strain vectors in equation 16 can be written in a combined form as a composite strain and following relation can be achieved,
where
It is evident from the above exercise that this MOM approach is not adequate to understand the overall mechanical performance of the composite materials. So in a previous study [64] an attempt was made to realize the fiber-matrix interaction carrying out some surface treatment on the fibers before embedding them in matrix. At present, the authors are studying knitted E-glass fiber undergoing surface treatment (sizing) before impregnated in the matrix. Therefore, the future scope of this method lies in forming new constitutive equations based on the three-phase MOM approach.
Owing to the significance of the MOM approach in the evaluation of elastic response properties of composite materials, Mori and Tanaka [29] derived a model equivalent to Eshelby's tensor which projected the interaction among neighboring reinforcements along the fibers. The versatility of the M-T method lies in the effective estimation of the orthotropic elastic properties of the composite materials and due to the ease in operation it is deliberately preferred by most of the researchers over the mechanics of the materials approach.
In the present framework, the effective compliance matrix for the composite materials is given by Benveniste [64] ,
where,
Here in the current framework, [P] is attributed as Eshelby's tensor and it can be tailored based on the properties of the matrix and the fiber. Equation 20 reveals the elements in a three-dimensional (3D) Eshelby tensor, it is also worth mentioning here that these elements in Eshelby's tensor are based on the geometry of the fiber. 
The elements in the above matrix can be calculated as,
This aforementioned Eshelby's tensor [65] is for the 3D case while one can read the same tensor in the twodimensional (2D) case as, 
The elements in the above matrix can be given by,
From the above exercise one can achieve the 3D elastic properties of the composite laminae. However, in most applications, only 2D properties of the composite materials are necessary, therefore, a 2D compliance tensor can be used as a 3D counterpart. Eventually, a 2D M-T tensor derived from a 3D tensor can be given as, 
Here,
In this section the results obtained for the elastic constants by various models are discussed. Equations presented in preceding sections were implemented in MATLAB for the estimation of elastic coefficients of the compliance matrix with variation in the fiber volume fraction. For ease of understanding, only those models which are well established and proven in previous studies were considered. The fiber volume fraction was varied from 0.3 to 0.7 and equation 2, 15, 16 and 19 were considered for further evaluation. The current basis is centered on micromechanics-based approach and the authors should proceed with further symptomatic work on various models such as the generalized method of cell approach, three-phase MOM and residual strength and stiffness models for the fatigue damage modeling in composite materials. However, readers are strongly advised to refer to references [66] , [67] , [68] , [69] , [70] , [71] for micro-scale and [72] , [73] , [74] , [75] for nano-scale effects of the fiber-matrix interface. Figure 10 shows the behavioral change in the elastic coefficient of stiffness compliance tensor (C 11 ) with the varying volume fraction of E-glass fiber. It was observed that the optimum volume fraction of fiber (V f = 0.45 to 0.65) is anticipated to have identical appraisals for M-T and the MOM approach. Thus, it is revealed in negligible effects of the fiber-matrix interface on elastic coefficient (C 11 ). Variation of elastic coefficient (C 12 ) with varying fiber volume fraction can be observed in Figure 11 . It could be anticipated that M-T method dominates over the MOM approach and values of the elastic coefficient (C 12 ) predicted to be higher at higher volume fraction. This develops a new insight of the improved fiber-matrix interface. A similar trend was observed for the estimation of the elastic coefficient (C 13 ) as the composite material under investigation in this work is orthotropic. This also gives clear cut evidence of the symmetry of the stress tensor. The values of elastic coefficient (C 22 ) and (C 33 ) are found to be identical due to symmetry about the axis and are presented in Figure 12 . However, Figure 13 shows the large variation between values of elastic coefficient (C 23 ) estimated by the M-T method and the MOM approach. It is evident from Figure 10 - Figure 13 that the M-T method yields slightly more values of elastic coefficient at higher values of the fiber volume fraction. However, this above approach is not adequate to determine the actual behavioral change at fiber-matrix interface perhaps it is contingent that further evaluation of elastic properties could be carried out by incorporating the effects of three-phase M-T and the MOM approach.
FE analysis
In this section the tensile test results obtained through the finite-element model of coupon-shaped tensile test specimens are presented. The model was created in ANSYS APDL (parametric development language) package 18.2. A shell 63 element assuming the plane strain condition was used for modeling the tensile test specimen and all the elastic properties were incorporated (refer to section 2.4). A free quadrilateral meshing was used for discretization, and mesh refinement over the area was done to concentrate on elements formed on edges. A typical set of convergence values of 1E-04 having a mesh tolerance of 1E-03 was used to secure accuracy in results. Modeling of the tensile specimens ensures the ASTM D638 course of action. In lieu of boundary conditions, the lower end was arrested by all the degrees of freedom while upper end was prevented in the U y (U y = 0) direction so that specimen cannot move horizontally. Figure 14 illustrates the typical deformation behavior of the tensile test specimen at the applied load equivalent to 600 bar pressure. It is very evident that, the deformation along the specimen more on upper end shows the gradual increase in the nodal variation. This is in agreement with the results obtained in the tensile test experimentally. Variation in von-Mises stresses and strains can be seen in Figure 15 and Figure 16 , which are shown in the necking phenomenon after a permissible amount applied load. The maximum breaking load observed experimentally was 14.13 kN approximately and could be attributed to the results obtained through FE analysis. It is worth mentioning here that only the uniaxial effects were considered in the current exercise, however, in future endeavors an attempt could be made to consider the tensile test effects involving thickness stresses. It was also observed that the tensile test response for the pressurized samples of these composites was slightly increased as they have shown a greater tendency in breaking loads and this is presented in Figure  17 . The analytically obtained stress-strain response slightly overestimates the experimental values. It was also found that there was increase in the yield strength of these composite as a function of the hydrostatic pressure and this estimate agreed well with past studies [76] . Table 4 shows the tensile test response of a coupon-shaped composite specimen measured experimentally and analytically, However, it can be assumed that this behavioral change in the mechanical properties of composites no longer remains constant but could be observed as a function of the applied hydrostatic pressure. The behavioral change in elastic and shear modulus has been envisaged in past literature. The basis for the previous observation can be extracted from the notable work done on the mechanical behavior of composites under large hydrostatic pressure by Kathavate et al. [77] . These current estimates are based on the application of composite materials from the marine and aerospace perspectives. However, readers are advised to read references [78] , [79] , [80] , [81] , [82] , [83] , [84] , [85] , [86] , [87] , [88] , [89] , [90] , [91] , [92] for further studies on damage behavior of composite under hydrostatic pressure.
Conclusions
The present work explored the mechanical behavior of an epoxy E-glass fiber composite subjected to high pressure for marine applications having a special emphasis on the experimental and computational approach. A series of tensile tests were carried out for unpressurized and pressurized samples (up to 600 bar) for different hardener-epoxy resin ratios in conjunction with gel-time studies. It was observed from the experiments that the tensile test response of these composites is strongly dependent on the types of microstructural damage produced by underwater pressure. Micromechanics-based constitutive laws were implemented and potent estimation of the elastic coefficients was made to form a compliance matrix. Further FE analysis was also carried out in concurrence with experimental observations. It was found that these series of virtual tests were not adequate to predict the response of these composites and the behavior of the fiber-matrix interphase, therefore, quantitatively internal damage has been visualized using SEM studies. Based on the aforementioned observations, major verdicts of the current exercise are as follows;
• A steep increase in normalized stiffness was observed as a function of hydrostatic pressure when these composite were deployed at high pressure.
• The gel time studies reveal the polarizability of an epoxy resin-hardener matrix which subsequently affects the performance of the composites.
• SEM studies are reflected in the microstructural damage and can be attributed to interface debonding and matrix cracking.
• Significant improvement was observed in the mechanical properties of these composites when pressurized up to 600 bar.
• A micromechanics-based approach shows the estimation of elastic coefficient of stiffness compliance matrix and helps in evaluating the higher order tensors in constitutive equations and nucleation and growth of damage during simulation can be easily traced out using computational micromechanics.
• The M-T approach seems to be promising over the MOM approach as it exposes higher values of elastic coefficient at higher volume fractions.
• This micromechanics-based modeling strategy developed in this work is capable of determining effective elastic properties of these composites.
These studies are not circumscribed but may include exploration of additional debonding properties and the viscoelastic behavior for a realistic approach. Strain-rate dependent studies could be an additional advantage [93] . Nevertheless this would make it possible to have an unbiased understanding of the effect of triaxial loading and the true internal damage would have a direct relation to the properties, irrespective of how the damage was caused.
Future advances and challenges
The framework proposed here demonstrates the need of virtual testing of mechanical behavior of composite materials and structures for marine and aerospace applications in future. Though there are some gaps in multiscale modeling, but the overall aforementioned work is robust and has already shown its ability to attempt the high-fidelity tests on composite materials under high pressure with varying multiaxial loading conditions. Future developments and challenges in the area of multiscale modeling are anticipated to incorporate the multifunctional properties. As FRP are becoming reasonable enhanced by auto-clave and the hand layup process, their use in structural components has spread in many marine and aerospace industries.
However, it has been observed that there is hindrance in the physical properties of composite materials (thermal conductivity, moisture absorption and fire resistance) which limits their use. Thus, these issues can be overcome by modification in the matrix (addition of fillers such as clays, carbon nanotubes and nanofibers as well as graphene). One can also look for the effect of waviness of carbon nanotubes for the effective estimation of thermoelastic response of the FRPs. Several studies have reported the thermal and electrical response of these multifunctional nanocomposites which proposes high electrical conductivity, thermal stability and electromagnetic interference shielding [94] , [95] , [96] , [97] , [98] , [99] , [100] .
From the virtual testing viewpoint, molecular dynamics (MD) simulations can help to a great extent in the evaluation of the mechanical and functional properties of polymers at the nanometer scale. The extent of MD simulation is anticipated to have evolution of set of atoms under external agencies (stress, temperature, pressure and electric field). In past studies, it was observed that MD simulations could help to compute structural and functional properties of cross linked polymers [101] , [102] .
In conclusion, it is necessary to have a unified multiscale framework for virtual composite testing. Development of integrated design strategy based on several parameters is also an added advantage to aforementioned procedure, so that FRP composites can be designed and optimized in silico (expressions performed via computer simulations) before they are actually manufactured. However, readers are asked to refer to [103] , [104] , [105] , [106] , [107] , [108] , [109] , [110] for further information and definitions.
